LA set of five specially selected colored-glass filters to identify variables of malfunction of photoelectric recording spectrophotometers equipped with tristimulus integrators have been standardized on a number of spectrophotometers corrected for all known errors (wavelength, zero, 100 percent, slit-width, inertia, back-reflectance, and stray-energy) J To these standardized spectrophotometric data definite amounts of these errors were deliberately introduced and converted to tristimulus values and chromaticity coordinates of the International Commission of Illumination system of colorimetry for Sources A, B, and C. Similar reductions show the effects of slit widths of 1, 5, 10, and 15 millimicrons (HIM) on computed results both by the selected-ordinate method of 10, 30, and 100 ordinates, and by the weighted-ordinate methods of 1-, 5-, 10-, and 15-mju intervals. Duplicate sets of these glasses have been evaluated by visual comparison with this set of master standards, and are available as part of the Standard Materials Program of the National Bureau of Standards. By comparing the certified values of luminous transmittance and chromaticity coordinates for a set of these glasses with the values obtained on a particular integrator-spectrophotometer combination, the type and extent of instrumental errors may be evaluated.
Introduction
In 1956, Dr. Nathaniel H. Pulling, Instrument Department, General Electric Co., West Lynn, Mass., proposed that the National Bureau of Standards develop a set of four or five non-light-scattering glasses to serve as standards of tristimulus values to check performance of colorimeters, particularly the automatic spectrophotometer equipped with integrator. At that time it was believed that such a set of filters might consist of a selenium red, a selenium yellow, a dense cobalt, and a nearly nonselective glass of 15 to 20 percent transmittance. Although the certified tristimulus values would be intended to be those corresponding to an extrapolation to "zero slit width" (the band pass of a spectrophotometer so small that further reduction will not affect the photometric value), the glasses might serve also to check the adjustment of an integrator attached to a spectrophotometer with 10-niju slits by giving in the paper describing the development of the standards the tristimulus values of the master standards not only for zero slit width, but also those found for 4-mjLt and 10-m/x slits.
Because there were no accepted means in industry for checking the performance of spectrophotometerintegrator systems, two meetings were held at the National Bureau of Standards with representatives of manufacturers of spectrophotometers, glass manufacturers, and industrial users of spectrophotometers with tristimulus integrators. At the meeting held on September 11, 1957 , fifteen representatives of industry attended and confirmed the need for glass standards to check spectrophotometer-integrator systems. A second meeting on May 14, 1958 reviewed a selection of five types of filters and approved of their standardization. Typical spectrophotometric curves of the five glasses selected for study are shown in figure 1.
Materials. Two hundred 2 X 2-in. polished squares of each of five types of glass, each group of 200 squares being from the same melt, were purchased from Corning Glass Works. Our designations for the five types of glass, the Corning designation, and thickness are as follows:
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Method

Spectrophotometry of Master Standards
Measurements of spectral transmittance were made on each of the three master standards and the two limit standards on the Cary Model 14 and the General Electric [1, 2] l recording spectrophotometers, with check measurements on Master No. 3 set on the Beckman DU indicating spectrophotometer and on the Konig-Martens visual spectrophotometer.
The methods of using three of these spectrophotometers have been previously described [3, 4, 5] . The methods of using the Cary spectrophotometer are described in detail in section 2.1.a.
Additional corrections made on the GE spectrophotometer data are explained in section 2.1.b.
Details of the measurements on the Beckman DU and the K-M spectrophotometers are explained in section 2.I.e.
a. Cary Recording Spectrophotometer
Measurements. Spectral-transmittance measurements were made on each of fifteen glass filters comprising three sets of five master filters designated Master No. 1, No. 2, and No. 3, on a Cary Model 14M (Serial No. 173 ) recording spectrophotometer at the National Bureau of Standards for the following conditions:
(1) Temperature control. Measurements were made under conditions of controlled temperature on both the laboratory (25 °C) and in the sample compartment of the spectrophotometer (22 °C). The same temperature-controlled water which cooled the sample compartment was circulated around the monochromator to assist in maintaining the wavelength stability of the instrument.
(2) Scanning rate and chart speed. The monochromator scan was driven at a speed of 0.25 m/x/sec and the chart speed of the recorder was 5 in./min. This combination of scanning rate and chart speed resulted in recordings having a wavelength scale of 1 m/x/chart division. The slow scanning rate was chosen to reduce the inertia effect in the recording mechanism during the recording of steep portions of the transmittance curves. (3) Wavelength calibration. The wavelength scale of the spectrophotometer, as it is recorded on the chart at the above scan rate and chart speed, was calibrated by means of the emission lines of a mercury source. It was found that by applying a correction of +0.2 m/x over the range 380 to 770 m/x in reading the spectral-transmittance data of the filters from the recordings the wavelength-scale errors were satisfactorily taken into account.
(4) Slide wire. The recorder of the spectrophotometer was equipped with a density (-logT) slide wire. The recorder covers the density range of 0 to 2 using two pens, one recording the density range 0 to 1 (100% T to 10% T); the other, the range 1 to 2 (10% T to 1%T). The transfer from the first pen to the second pen is automatic. For some of the filters, such as the 2101 orange-red, the density of the filter exceeds density 2. In these cases, photoetched nickel screens were introduced into the comparison beam of the spectrophotometer to extend the range. Two such screens were used, each having a density slightly greater than density 1, which thus allowed the measurements to be made to approximately density 4. Measurements were made of the spectral transmittance of the screens over the entire wavelength range.
(5) Zero curve. The zero-density curve (100%T) on the Cary can be adjusted by means of potentiometers so as to read approximately zero at all wavelengths regardless of the source-detector combination used. Since it is not possible to make the adjustment agree perfectly at all wavelengths, a zero-density curve was run for the entire wavelength range being used, before and after a series of measurements on the filters.
(6) Slit width. The physical slit width of the monochromator during the measurement of the filters was 0.1 mm or less for densities less than 2. From the dispersion curve of the monochromator supplied by the manufacturer, it was determined that the band pass of the monochromator for these slit widths varied from approximately 0.3 to 0.4 m/x for the wavelength range covered. As the screens are introduced into the comparison beam, the slit width of the monochromator increases. It is estimated that the band pass was approximately 1 m/x or less for the density range 0 to 3.
(7) Source-detector. Two source-detector combinations were used for these measurements of spectral transmittance. For the wavelength range 360 to 600 m/x, the "visible" tungsten source and 1P28 multiplier phototube were used. The "infrared" tungsten source and lead sulfide cell were used for the wavelength range 550 to 790 m/x.
Data reduction. The recordings of spectral transmittance of the filters and the screens were read at each 1-m/x interval from 360 to 790 m/x. The wavelength correction of +0.2 m/x was applied at each wavelength read. The zero-density curves run before and after the particular measurement of a filter or screen were read and averaged, and subtracted from the reading of the filter or screen. Where screens were used to increase the photometric range of the spectrophotometer, the density of the 204 screen at that wavelength was added to that recorded for the filter. In the wavelength region 550 to 600 ni/x, where data were taken both with the multiplier phototube and with the lead sulfide cell, an average of the two sets of data was tentatively used. After the corrections for the zero-density curve and the screens had been made, the data were coded for introduction into the IBM 704 high-speed digital computer for conversion from a logarithmic to a linear scale.
It was found that the data taken with the lead sulfide cell differed slightly but systematically from the data taken with the multiplier phototube in the wavelength region 550 to 600 m/z where the two sets of data overlapped. Although the average data in this wavelength region were used for some of the preliminary computations, corrected data from the lead sulfide cell were used for the finally adopted data. The correction to the lead sulfide cell data was made by taking the density difference between the multiplier phototube and the lead sulfide cell data at 600 m/z and applying this difference to the density data from the lead sulfide cell for the wavelength range 610 to 770 m/z. The multiplier-phototube data were used for the wavelength range 380 to 600 m/z. The corrected data for the lead sulfide cell were converted from a logarithmic to a linear scale and combined with the multiplier phototube data to form the adopted data for the Cary.
b. General Electric Spectrophotometer
Comparison of the spectral transmittances of the five glasses of master set No. 3 obtained on the GE-II 2 recording spectrophotometer, after routine zero, 100 percent, and wavelength-scale corrections had been applied, with the average spectral transmittances obtained for the same glasses on the Cary-14, the Beckman DU, and the Konig-Martens spectrophotometers showed small but regular discrepancies. Examination of these discrepancies suggested that they are ascribable to the combined effects of error sources already identified, but hitherto often regarded individually as yielding errors in general either nearly or completely negligible. These sources of error are of three kinds and will be hereafter identified as slit-width errors, inertia errors, and back-reflectance errors.
Slit-width errors. The slit function of the GE-II spectrophotometer is approximated closely by an isosceles triangle whose apex is at the wavelength, X, and whose base extends from X-10 m/z to X+10 m/z, giving a width at half height equal to 10 m/x [6] , By slit-width cams this width is maintained nearly constant independent of wavelength [7] , A simple formula for correction of slit-width errors may be derived by assuming the correction to be proportional to the second derivative of the spectraltransmittance (Tx) function of the filter, and by approximating this second derivative by the difference between twice the reading, i? x , at wavelength X and the sum of the readings i?x-io and i?x+io, V Te2 "GE-II" indicates the second NBS-GE spectrophotometer, GE Serial No. 732986.
ceding and following this wavelength by 10 m/x. The formula:
T X =R' X + (2R' x -RUo- (1) is equivalent to the first terms of the expansion form quoted by Gibson [6] from Forsythe [7] with K taken as 10 instead of 12. The terms, i? x , i?x-io, and i^x+io, refer to values obtained from the GE-II spectrophotometer with all corrections applied except that for slit-width error.
Since the 5 glasses of master set No. 3 had been measured at each millimicron throughout the visible spectrum by means of the Cary-14 spectrophotometer with slit widths not exceeding 1 m/z for transmittances greater than 1 percent, it was possible to compute the values of spectral transmittance that would have been read by an instrument having slit widths of any value greater than 1 m/z. Such computations were made for a triangular slit function with a width of 10 m/z at half height, and the differences between the resulting values and those for the narrow slits of the Cary spectrophotometer were applied to the GE-II readings as slit-width corrections. It was noted, however (see columns 3 and 4 of table 1) , that approximately the same corrections were obtainable from formula (1); so this formula is a convenient short way to state the sizes of the slit-width corrections applied, and is also a satisfactory simple statement of slit-width corrections to be applied to other specimens measured on the GE-II spectrophotometer.
Inertia errors. The recording mechanism of the automatic GE-II spectrophotometer is controlled by positive and negative impulses operating on the pen assembly (driving motor, gears, and pen holder) which has appreciable interia and friction. This mechanism gives a dynamic evaluation of the transmittance at wavelength X; that is, the transmittanceindicating position of the pen at the time, t, when the specimen is being illuminated by light of wavelength, X, is based on signals received at a time, £-c, somewhat before wavelength, X, is reached. The pen position at time, t, is thus found by extrapolation over the time interval, c. This extrapolation process depends on the strength and frequency of the impulses relative to the inertia and friction of the pen assembly. On a rising curve the pen assembly may coast past the correct value because of inertia, or it may lag behind because of friction. The discrepancy between the true value of the spectral transmittance and the value recorded by extrapolation may be called the inertia error. Let us assume that if R 0 (t) is the correct reading at time, t, the actual reading R(t), will, because of inertia error, be a function not only of R 0 (t), but also of the velocity of the pen assembly at time, t-c> just previous to time, t, of the following simple form:
where c and k are constants to be evaluated from a consideration of R~R 0 for known specimens. Obtained by applying the routine zero, 100%, and wavelength-scale corrections to the readings of the GE-II spectrophotometer; the slit-width, inertia, and back-reflectance corrections; the results of applying these three corrections; and comparision of uncorrected and corrected GE-II results to the average spectral transmittances of the same glass filter obtained by three other spectrophotometers (Cary-14, Beckman DU, Konig-Martens) 1.22 f The correction, R o -R, to be added to R to obtain the true value, R Q , may be estimated with some reliability by taking -k(R\-R\-2c ) from the recorded curve. This shift from the time scale to the wavelength scale is justified because the instrument scans the spectrum in the direction of increasing wavelength with a constant speed. The assumption that the inertia of the pen assembly has a significant regular influence on the reading R(t) does not involve a decision between a tendency of the assembly to lag behind the correct reading or jump ahead of it. This decision has to be made in the course of evaluating the constant, k, from a consideration of R-R o for known specimens. If k is found to be greater than zero the inertia correction refers to a correction for lag; if less than zero, to a correction for lead.
The empirical evaluation was based partly on data taken several years ago by Keegan [8] (1956) and partly on the present data for the five glasses of master set No. 3. The best fit to the 1956 data was found by setting c=5 m/*, and k either at -0.05 or -0.07. The best fit to the present data was found for c=5 m/z, k--0.07. Note that both sets of data indicate k less than zero. The inertia correction for the GE-II spectrophotometer is thus a lead correction. If R\ and R\-i 0 are the uncorrected readings of the spectrophotometric curve plotted by the instrument, the formula for spectral transmittance, T\, with this evaluation of constants becomes =0.93#x+0.07i?x_ 10 on the assumption that all other corrections are negligible. Optimally this inertia correction should be made first, followed by the zero correction, the 100 percent correction, the wavelength-scale correction, the slit-width correction, and finally the backreflectance correction, but in practice these corrections are sufficiently small that no significant additional error is introduced by changes in the order of applying them.
Back-reflectance errors. Through the specimen compartment of the GE-II spectrophotometer, two divergent beams pass from the decentered lenses to the entrance ports of the integrating sphere [2] . The axis of each beam makes an angle of about 6°w
ith the optical axis of the instrument, one to the right, the other to the left. The specimen filter whose spectral transmittance is to be measured is inserted in one of these beams (the specimen beam) so that the axis of the beam is perpendicular to the faces of the filter. All of the flux reflected from the front face of the filter and a fraction of the flux reflected from the back face contributes to a reflected beam directed back toward the decentered lens. Since this reflected beam is also diverging, part of it may, and as a matter of fact does, reach the decentered lens transmitting the reference beam, as w^as pointed out by Middleton [9] , and enters the sphere through the entrance port of the reference beam. This added flux, some of which has never passed through the specimen, contributes to the illuminance of the sphere during the specimen phase of the cycle and causes a spuriously high indication of the spectral transmittance of the specimen. This error is what is meant by back-reflectance error. It could be eliminated by insertion of an inconvenient vertical partition between the specimen compartment and the decentered lenses; but since the error for nonmetallized glass filters is of the order of one or two tenths of one percent of the full scale, it has heretofore been considered negligible.
By obtaining the reading of the spectral transmittance of a clear plate first inserted perpendicular to the specimen beam, and second tilted until no part of the reflected beam crosses over to the other side of the instrument, it was found that the maximum error from this source for a glass of refractive index equal to 1.5 is 0.0026. By taking into account the fact that as the transmittance decreases from 0.923 to zero, the reflectance of the specimen filter declines from 0.079 to 0.040, and that the photometer scale is adjusted to be correct at 0.10, the following expression for the reflection correction accurate to 0.0001 was derived: Back-reflectance correction=-0.0031 i?\ 2 ,
where R\ is defined in formula (2). This correction was applied to all of the data on the glasses of master set No. 3 obtained on the GE-II spectrophotometer.
To indicate the degree to which the three often neglected corrections (slit-width, inertia, backreflectance) succeeded in accounting for the regular deviations of the results by the GE-II spectrophotometer from the mean of those by three other spectrophotometers (Cary-14, Beckman DU, KonigMartens), table I has been prepared for the selenium orange-red glass (2101) of master set No. 3 for the wavelength range 550 to 640 m/x. It may be seen from columns 10 and 11 that, by applying these three, often neglected corrections, both the maximum difference and the average difference between the GE-II results and the mean of results by three other spectrophotometers have been reduced by more than a factor of 2. The GE-II reads higher on glass filter 2101 than the other spectrophotometers, even after these negative corrections have been applied. The causes of these residual deviations (column 10) are not known. The GE-II with all known corrections applied agrees notably better with the other spectrophotometers in its measurement of the other four glasses of master set No. 3.
c. Beckman DU and Konig-Martens Spectrophotometers
Check measurements of spectral transmittance of the five master standards of set No. 3 were made at certain wavelengths on the Beckman DU and the K-M spectrophotometers as follows: On Beckman DU spectrophotometer (1) Glass 2101 on "absolute basis" 560 to 750 m/x at every 10 m/x.
(2) Glass 2102 relative to spectrophotometric standard Corning HT yellow [5, 6] at wavelengths at which the standard is specified.
(3) Glass 2103 on "absolute basis/' 450 to 610 m/x at every 10 m/x.
(4) Glass 2104 relative to spectrophotometric standard cobalt blue [5, 6] at wavelengths at which standard is specified. Stray-energy filters used for the Beckman DU spectrophotometer were Corning 9863 for 320 to 400 m/x, Corning 2424 with blue-sensitive cell from 600 to 660 m/x and Corning 3965 with red-sensitive cell. Similarly appropriate stray-energy filters were used on the K-M.
Evaluation of Errors
In order to evaluate errors in the computation of tristimulus values and chromaticity coordinates due to (1) neglect of slit-width corrections, (2) the use of summation-intervals of various sizes in the weighted-ordinate method, and (3) the use of various numbers of ordinates in the selected-ordinate method, a computer program was prepared for the IBM 704 high-speed digital computer.
This program converts data of spectral transmittance into colorimetric terms for slit-widths of 1 (near-zero), 5, lOyind 15 m/x by (a) the weightedordinate method for 1-, 5-, 10-, and 15-m/x summation intervals, and (b) the selected-ordinate method for 10, 30, and 100 ordinates. The conversions can be made for any Planckian source from approximately 1,000 °K to 10,000 °K including CIE standard source, A, and for CjE sources B, and C. Published values of the tristimulus functions (x,y,z) for each 1-m/x interval from 380 to 770 m/x and the wavelength of the selected ordinates for 10, 30, and 100 ordinates are used in the program [10] .
The input data for this program are values of spectral transmittance for each 1-m/x interval from 360 to 790 m/x measured on an instrument with a band pass so small that further reduction will not affect the photometric value. The data must be corrected for wavelength, zero curve, and 100 percent curve instrumental errors before introduction into the program.
a. Neglect of Slit-Width Corrections
The effect of the change in slit width on the 1-m/x (near zero) slit-width, spectral-transmittance, input data were computed by using a triangular slit-width weighting function of the type:
where T\ is the spectral transmittance at wavelength X, T?/ is the nominal slit width, and i is a wavelength difference less than or equal to n. The spectraltransmittance data were computed for each 1-mjx interval from 380 to 770 m/x for n=5, 10, and 15. The colorimetric coordinates X,Y,Z,x,y were computed for the spectral transmittance data for 1-, 5-, 10-, and 15-m/x slit widths using the weightedordinate method for a 1-m/x summation interval. The colorimetric coordinates indicate the effect to be expected when the glass filters are measured on spectrophotometers having slit widths larger than 1 m/x.
h. Use of Summation Intervals of Various Sizes in the WeightedOrdinate Method
From the spectral-transmittance input data for 1-mju slit width and the spectral-transmittance data computed from them for 5-, 10-, and 15-m/x slit widths, the colorimetric coordinates X,Y,Z,x,y were computed by the weighted-ordinate method from every 5th, 10th, and 15th value of spectral transmittance, tristimulus function, and spectral irradiance of the source. The resulting colorimetric coordinates indicated the change which would be expected by using summation intervals of 5, 10, and 15 m/* with the weighted-ordinate method.
c. Use of Various Numbers of Ordinates in the Selected-Ordinate Method
The colorimetric coordinates were then computed for the spectral transmittance data for the four slit widths by means of the selected-ordinate method for 10, 30, and 100 ordinates. The correct values of spectral transmittance at the wavelength indicated by the selected-ordinates used were computed by third-difference osculatory interpolation [11] . The resulting colorimetric coordinates indicated the change which could be expected by using the selectedordinate method for 10, 30, and 100 ordinates.
Colorimetry of Duplicates
From the 200 squares of each type of glass, 100 were chosen by visual inspection for issuance as duplicate standards. The criteria were freedom from seeds, bubbles, striae, scratches, chips, and other visually detectable defects.
Although the 100 glass squares of each type of glass so chosen were taken from the same melt, visual inspection by diffused light from daylight fluorescent lamps revealed small color differences among them. By means of these differences it was possible to arrange the 100 glasses in an essentially one-dimensional sequence, and from this sequence the terminal glasses (called limit filters) were chosen to indicate the color range of the group as follows: Orange red__weak limit (WL) and strong limit (SL). Yellow weak limit (WL) and strong limit (SL). Green yellow limit (YL) and blue limit (BL). Blue light limit (LL) and dark limit (DL). Neutral yellow limit (YL) and blue limit (BL). The limit filters so selected were measured on the General Electric, and Cary spectrophotometers, and on the Barnes, Gardner, Hunter, Colormaster, and Judd CDC (chromaticity difference colorimeter) colorimeters. An analysis of the data so obtained showed that smaller uncertainties would be obtained if no photoelectric colorimeter was used for the duplicate standards. Accordingly, measurements were made on the 100 glasses in each of the red, yellow, and blue sets by means of the CDC visual colorimeter.
The chromaticity-difference (Ax, Ay) data so obtained showed that the color differences among the yellow and blue glasses were ascribable to small variations in the thicknesses of the glasses. The measured thicknesses of the glasses were used to find adopted values of X, Y, Z, x, y. As expected from the dependence of the color of selenium glasses on annealing temperature, the orange-red glasses showed no correlation of chromaticity with thickness. The values of luminous transmittance were, however, inferred from the measured chromaticity coordinates, on the assumption that all orange-red glasses contained the same absorbing material though produced in varying amounts because of differences in annealing temperature. This assumption was checked by measurement of the luminous transmittance of five of the duplicate orange-red glasses on the Martens photometer.
Results
Spectral Transmittances of Master Set No. 3
Tables 2 through 6 show for every 10 nnx the results of measuring the spectral transmittances of the five glasses of master set No. 3 and applying the routine corrections. Table 7 shows the values of spectral transmittance obtained at the wavelengths of the emission lines of mercury and helium. 
Corrections Developed From Present Study a. Lead Sulfide Cell Corrections for Cary Data
The results of the measurements, given above, for the Cary indicate the data obtained by the lead sulfide cell without corrections. The values corrected for discrepancies between the data taken with the multiplier phototube and the lead sulfide cell are higher by the factor 1.003 from 600 to 770 m/*.
b. Slit Width, Inertia, and Back-Reflectance on GE Data
The data listed in tables 2 to 6 show for the General Electric recording spectrophotometer the results of the measurements taking into consideration only the routine corrections for 100 percent, zero, and wavelength scale. In table 8 are listed the results from the GE corrected for the above routine errors plus the corrections for inertia, slit width, and back reflectance.
Derivation of Adopted Values of Spectral
Transmittance of Master Set No. 3 The finally adopted data of spectral transmittance for the five filters of master set No. 3 were derived as a weighted mean of three sets of measurements: (1) the Cary data with lead sulfide cell correction, (2) the GE with routine corrections and corrections for inertia, slit width, and back reflectance, and (3) the Beckman DU. Where measured data were lacking, as in the case with the Beckman DU, values of spectral transmittance were interpolated. The weights used for the data were 4 (Cary), 3 (GE), and 3 (Beckman DU) for the filters designated 2101, 2102, 2103, and 2105. In the case of the filter designated 2104, however, little data were taken by the Beckman DU and the assigned weights were 4 (Cary), 4 (GE), and 2 (Beckman DU). The adopted weighted mean data of spectral transmittance for the five filters of master set No. 3 are listed in table 9.
Derivation of Adopted Tristimulus Values and Chromaticity Coordinates
The spectral transmittance data listed in table 9 were processed by means of an IBM 704 high-speed digital computer which converts spectral-transmittance data into colorimetric terms for 10-m/x summation intervals by means of the tristimulus functions, x/y^y adopted by the CIE in 1931. What is desired are tristimulus values and chromaticity coordinates based on the CIE tristimulus functions for 1 m/z summation intervals. These data were derived in the following manner. Tristimulus values and chromaticity coordinates were available from measurements of spectral transmittance made with the Cary for both 1-and 10-m/* summation intervals but for the Hardy values of the tristimulus functions.
The following derivation will serve as an example:
where X[ and X' 1O are the X tristimulus values com- puted from data taken on the Gary for the subscripted summation intervals, based on the tristimulus function of Hardy; X 10 is the X tristimulus value computed from spectral transmittance data of the adopted weighted mean for 10 m/* summation intervals, based on the CIE tristimulus function; and Xi is the derived X tristimulus value for the adopted weighted mean for 1 m/z summation interval based on the CIE tristimulus function. Similar derivations were made for the Y and Z tristimulus values and the chromaticity coordinates x,y,z were computed in the normal manner. The adopted tristimulus values and chromaticity coordinates are listed in table 10 for the filters of master set No. 3. Table 11 shows these ranges, not only for the tristimulus values (X, F, Z), but also for the chromaticity coordinates (x, y). These ranges correspond roughly to estimates of three times the standard deviations of the adopted values. [12] . 
Estimates of Uncertainty
b. Duplicates
The ranges found for the chromaticity coordinates of the duplicates by measurement of the limit filters were smaller than the uncertainties of the chromaticity coordinates of the master standard No. 3 for the green filters (2103) and the selective neutral filters (2105). Since the uncertainties of the certified values of these filters would not be significantly reduced by individual measurements of these duplicates, they have been certified as having precisely the same values as their respective master standards from set No. 3.
The ranges found for the chromaticity coordinates of the duplicates of the yellow (2102) and blue (2104) filters, however, were notably larger than the uncertainties of the master standards, and that of the orange-red (2101) duplicates was comparable to the uncertainty of the orange-red master standard. On this account, the chromaticity coordinates of these duplicates were measured relative to the master standard by the CDC visual colorimeter [13] either for source A or C (A for 2101 and 2104, C for 2102) whichever made the chromaticity differences most readily perceptible. The certified values of luminous transmittance for all three sources, and those of the chromaticity coordinates for the sources not used in the CDC measurements were inferred by interpolation from computations for T 
Use of the Set of Color Standards
The purchaser of a duplicate set of five glass filters for checking the performance of spectrophotometerintegrator systems of color measurement will receive a report giving the tristimulus values, X,Y,Z, and chromaticity coordinates, x,y, for each filter for each of CIE sources A, B, and C. It is presumed that he bought them because he has at his disposal a spectrophotometer-integrator system and wished to check its performance, to identify any sources of error, and to correct them, or correct for them, if possible.
Calculation of Par Values (X 0/ Y o , Z o , x 0/ y 0 ) for a Given Spectrophotometer-Integrator System in Perfect Adjustment
It should be noted that values certified for each duplicate set refer to slit widths so small that further reduction would not change the values, and that the integrations have been carried out by summation over wavelength intervals so small that further reduction of the interval would not change the values. The spectrophotometer-integrator system at the disposal of the purchaser, however, is characterized by slit widths which the purchaser will have evaluated, and the integrator is characterized by a system which the purchaser will know; that is, it will be by continuous integration equivalen t to a summation interval approaching zero, or by a weighted ordinate summation of known wavelength interval, or by a selectedordinate summation of a known number of ordinates, or some other known system. If this spectrophotometer-integrator system is characterized either by slit widths significantly different from zero, or by an integrator-summation interval significantly different from zero, or has other permanent defects (such as back reflectance) arising from its design, the system cannot be expected to yield the certified values (X,Y,Z,x,y) for the standard glass filters even if it is in perfect adjustment.
The first step, therefore, is to compute the changes in the certified values for the filters expected to be introduced by use of slit widths or summation intervals significantly greater than zero, and the changes expected to be introduced by other permanent defects (such as back reflectance) arising from the design of the spectrophotometer-integrator system. To assist the purchaser to calculate from the certified value (X, Y, Z, x, y) the values, X o , Y o , Zo, x 0 , y 0 , for the five standard filters that are par for this system, the influence of making the slit width and summation intervals greater than zero have been computed. Table 13 shows the influence of substituting for slits approaching zero width, 5-, 10-, and 15-mM slits with triangular slit functions. Note TABLE 
Influence of substituting for slits approaching zero width, 5-10-and lS-mfx slits with triangular slit functions
that the influence is far from linear with slit widths, but varies approximately as its square. Table 14 shows the influence of substituting 5-, 10-, and 15-mju summation intervals for intervals approaching zero, and table 15 shows the influence of substituting 100, 30, and 10 selected ordinates for weightedordinate summation over intervals of 1 m/x. Note again that these influences are not linear with the dependent variables; so the influences have to be found from tables 14 and 15 by graphical interpolation. Finally, table 16 shows the changes introduced by back-reflectance errors computed from formula 3. These changes for a spectrophotometerintegrator system based on the GE spectrophotometer may be found by evaluating the maximum error, E, in transmittance so introduced and by multiplying the changes in 
Influence of Various Maladjustments
The spectrophotometer-integrator system of the purchaser is subject to a variety of malfunctions. Some of them are the result of maladjustments, such as failure of the zero and 100 percent points of the photometric scale to be set correctly, or errors in the adjustment of the wavelength scale; others are the result of wear or the accumulation of dust on the surfaces of optical parts which can introduce stray energy; and still others will be of obscure origin, such as temporary misalinement of optical parts due to development of unforeseen thermal gradients, or faulty linkage between spectrophotometer and integrator. By introduction of the five standard glass filters at regular intervals into the schedule of runs, it should be possible to detect the appearance of any significant malfunction and in some cases to identify its cause. To assist the purchaser in his interpreta- If the instrument by maladjustment wrongly reads zero when the specimen transmittance is really greater than zero, this maladjustment may be called positive displacement of the instrument zero. If tha instrument indicates a transmittance of greater than zero when the specimen transmittance is actually zero, this maladjustment may be called negative displacement of the instrument zero. Table 18 shows the changes that would be introduced by a uniform displacement of the instrument zero of the photometric scale by ±1.0 and ±0.5 percent independent of wavelength. In computing the influence of positive displacements of the instrument zero, negative values of computed spectral-transmittance readings were counted as equal to zero on the assumption that no spectrophotometer-integrator system will be designed actually to subtract substantial amounts from the tristimulus sums to correspond to such negative values. Note that standard filters 2102 (yellow) and 2104 (blue) both are sensitive to this type of maladjustment. This corresponds to the fact that for both filters the spectral transmittance approaches but does not become less than 1 percent. Note also that filters 2101 (orange red) and 2103 (green) though sensitive to negative displacements of the instrument zero are less so for positive displacements. Filter 2101, in particular, shows almost no change in chromaticity coordinates, x,y, for positive displacements. Positive displacements only serve to move the apparent cutoff of the curve of spectral transmittance slightly toward longer wavelength, but negative displacements cause the system to respond as if the filter transmitted 0.5 or 1 percent throughout the whole short-wave and middle-wave part of the visible spectrum (380 to 580 m/x) where the transmittance is actually almost precisely zero. The errors introduced by negative displacements are in fact equiva- Table 19 shows the changes corresponding to a displacement of the 100 percent point of the photometric scale by ±0.5 and ±1.0 percent independent of wavelength. As is obvious, such displacements have no influence on chromaticity coordinates whatsoever. The changes produced in the tristimulus values, except for rejection errors, are precisely linear with the displacement. Standard filter 2105 (selective neutral), since it has the highest average transmittance, is the most sensitive of the five to this maladjustment.
d. Stray-Energy Errors
The basic idea of a spectrophotometer is to irradiate the specimen with flux confined to a narrow spectral band and to compare the flux leaving the specimen to that incident on it. !No spectrophotometer succeeds perfectly in confining the flux incident on the specimen to the narrow spectral band intended; the specimen is always irradiated by energy outside this band, called stray energy (cosmic rays, radiant flux from the room leaking into the instrument, radiant flux from the instrument source reaching the specimen by multiple reflection within the instrument without passing through the dispersing elements, radiant flux reaching the specimen passing through the dispersing elements after having been scattered by irregularities of the optical surfaces, or after having been scattered by dust particles on them, and so on).
Spectrophotometers, like the GE or Cary-14, having two dispersing systems are likely to show negligible stray-energy errors; those, like the Beckman DU or Konig-Martens, having but a single prism or grating are likely to show important strayenergy errors, particularly if the integrating attachment prevents the employment of stray-energy filters. For such instruments it is particularly important to have a means of checking for the amount of stray-energy errors, because the accidental displacement of a baffle within the instrument, or accumulation of dust on the optical surfaces, may introduce large errors following continued use of a system initially free of significant strayenergy error.
The most frequent kind of stray-energy error arises from the incidence of radiant flux having the spectral distribution of the instrument source. So as to assist purchasers of a set of standard filters to use them for the detection of stray-energy errors of this most frequent sort, calculations have been made on the assumption that the stray energy and the dispersed energy alike have the spectral distribution of CIE source A (color temperature 2,854 °K), and that the specimen receives a constant small stray irradiance of this sort regardless of nominal wavelength.
If H\ is the irradiance of the detector from dispersed flux from source A, and if the spectral sensitivity of the detector is S\, then, in the absence of stray energy the response of the detector for the blank beam will be kH\S\A\, where AX is the spec-tral band width, and k is the constant of proportionality. Similarly, the response of the detector with a specimen of spectral transmittance, T\, inserted into the beam will be kH\S\T\A\. The reading, R\, of the spectrophotometer will be the ratio: kH\S\T\A\/kH\S\A\, and this ratio is seen to be equal to T\; so R\=T\, as intended.
If now there is stray energy of spectral irradiance, JH\, where / is a small fraction chosen arbitrarily to be within the range of usual stray energy, then the reading, i? s \, of the spectrophotometer may be expressed as:
The summations correspond to the fact that the stray energy is undispersed, and must be evaluated over the entire range for which the product, H\S\, is significantly different from zero. It will be noticed from eq 5 that if the fraction, /, of the stray energy is sufficiently small, then the spectrophotometer will read spectral transmittance correctly (R s \= T\); but for all spectral regions in which HiS\A\ is small compared to' fEHyS\A\, the reading, R s \, will approach the transmittance of the filter for the aspect The summations have been computed for the five standard filters over the spectral range 0.3 to 3.3 » for two spectral-sensitivity functions given in table 20, one intended to be representative of detectors of the photomultiplier type; the other, of the lead sulfide type. Table 21 gives the values of T ad for the five filters evaluated by these two types of detectors, and figures 2 to 6 show the adopted values of spectral transmittance for the filters of master set No. 3 compared to values of R s \ for/=0.01. It will be noted that the curves of R s \ approach the value of T ad in the spectral regions where the detector response is relatively low. be noted that standard filter 2101 (orange red) is sensitive to stray energy with a photomultipliertype detector by change in its X tristimulus value and to stray energy with a lead sulfide detector by change in its Z tristimulus value, as is also filter 2102 (yellow). Filter 2103 (green) also serves for both types of detector, the lead sulfide detector through the x chromaticity coordinate, and the photomultiplier through the y coordinate. Filter 2104 (blue) indicates by its X tristimulus value the presence of stray energy with the photomultiplier type of detector. For the lead sulfide detector these changes are closely linear with fraction,/, of stray energy; for the pbotomultiplier type of detector they vary approximately as/ 2 / 3 . If it were known that the malfunctions of the spectrophotometer-integrator system were confined to the five listed in table 24, and if the precision of the system were substantially perfect, it would be possible to evaluate easily the extent of each of these types of malfunction from the differences between the actual instrument readings and the par values. Note that for each source used in integration the information regarding malfuction of the instrument obtained in this way has no less than 15 degrees of freedom (three tristimulus values for each of the five filters). If the uniform displacement of the wavelength scale were designated Ax, the displacement of the 100 percent point by Ai 00 , the strayenergy fraction, /, by A/, and the inertia constant by A u then we may write an expression for, say, X r -X o for standard filter 2101 (orange red) that states merely that the difference between X r and X o is made up of contributions from the only types of malfunction that the system has, thus:
e. Inertia Errors
Diagnosis of Maladjustments
bX, A bX (6) Note that 14 other such expressions can be written. The five variables are thus over-determined, and a least-square analysis should result in precise values of the five unknowns even with some lack of precision in the instrument reading. Note that the partial derivatives of eq 6 have been sufficiently well evaluated in tables 17, 18, 19, 22, and 23. The values of Ax, A o , Ai 00 , A/, and A* that might be found in this way are in the same units in which the partial derivatives, read from the tables, are expressed. Thus, if i>x/dA\ is read from table 17 as amount per millimicron, Ax will be in mju, and if dX/dAi is read from table 23, which is based on k== -0.07, Ai evaluates k of eq 2 in multiples of 0.07.
Since actual spectrophotometer-integrator systems are beset with more complicated malfunctions than the five simple types listed in table 24, and since the precision may be low enough so that not all of the differences like X r -X o will be significant, it is presumed that this least-square solution for unknowns from 15 observation equations will usually not be worth doing. Table 24 suggests the following simplified procedure:
1. Determine the displacement of the 100 percent point on the photometric scale, A loo , from the average of the 8 variables specified in where the partial derivatives are read from tables 17 and 18. Incidental to this solution for Ax there will also be found a solution for A o , but this should be set aside.
The idea behind this recommendation for finding the wavelength-scale displacement is that thê -coordinate of filter 2103 and the ^-coordinate of filter 2101 are the most sensitive indications of wavelength-scale displacement. Note also that by using chromaticity coordinates, no account need be taken even of very large displacements in the 100 percent point found from eq 6, because such displacements have no influence on the chromaticity coordinates. This plan is strictly applicable to spectrophotometerintegrator systems having negligible stray-energy and inertia errors, and should apply very well to systems involving double dispersion. It is believed to be worth trying for other systems as well.
3. Determine the displacement of the zero-point from each of four equations, two of them in incoordinate for standard filters 2101 and 2102, and two in ^-coordinate for standard filters 2103 and 2104.
For filters 2101 and 2102:
For filters 2103 and 2104: (9) where the partial derivatives are found from tables 17 and 18, the value of Ax is that found from eq 8. The average of the four values of zero-point displacement so found is close to the best available from the actual and par values for the five standard filters; the deviations of the individual values from this average is an indication of the extent to which other types of malfunction are afflicting the system. 4. Analogous procedures might be used for systems afflicted with stray energy (single-dispersion systems) in which the partial derivatives would be read from table 22, and for systems afflicted with inertial effects in which the partial derivatives would be read from table 23. It seems likely, however, to be more useful to evaluate stray energy by comparison of the actual curves of spectral transmittance obtained on the spectrophotometer of the system with the applicable curve of R s \ found from eq 5; see figures 2 through 6.
Summary
A reexamination has been made of the fundamental measurement of spectral transmittance of nonscattering transparent colored media. A search made to resolve errors often considered as negligible or selfcompensating showed the significance of errors that may arise from lack of consideration of stray energy, slit width, back reflectance, and recorder inertia.
The effect of type of integration of the spectrophotometer data in the conversion to colorimetric terms showed that summations by the 10 rmz weighted ordinate method, or by the 30-selected-ordinate method are sufficient for most colorimetric work.
The effect of stray energy on both spectrophotometric and colorimetric data is illustrated.
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